The effect of organic solvent to structure and dynamics of proteins was investigated by multiple molecular dynamics simulations (1 ns each) of Candida rugosa lipase in water and in carbon tetrachloride. The choice of solvent had only a minor structural effect. For both solvents the open and the closed conformation of the lipase were near to their experimental X-ray structures (C α rms deviation 1-1.3 Å). However, the solvents had a highly specific effect on the flexibility of solvent-exposed side chains: polar side chains were more flexible in water, but less flexible in organic solvent. In contrast, hydrophobic residues were more flexible in organic solvent, but less flexible in water. As a major effect solvent changed the dynamics of the lid, a mobile element involved in activation of the lipase, which fluctuated as rigid body about its average position. While in water the deviations were about 1.6 Å, organic solvent reduced flexibility to 0.9 Å. This increase rigidity was caused by two salt bridges (Lys85-Asp284, Lys75-Asp79) and a stable hydrogen bond (Lys75-Asn 292) in organic solvent. Thus organic solvents stabilize the lid but render the side chains in the hydrophobic substrate binding site more mobile. 
Introduction
Nonaqueous enzymology has developed into an active and powerful area of research. [1] Exploitation of enzymes as highly selective biocatalysts in organic medium was fuelled by applications in asymmetric synthetic transformations of enantiopure pharmaceuticals. [2] Biochemical properties like activity, specificity, and selectivity have been shown to be dependent on the choice of organic solvent and water activity. [3] However, not much is known about the molecular mechanisms how organic solvents lead to a change of structure and dynamics of enzymes, and thus to changes of the experimentally observed biochemical properties.
One of the most interesting and well-investigated class of enzymes in this field are lipases (triacylglycerol hydrolases, EC 3.1.1.3). Lipases are activated upon contact with a nonpolar substrate phase which leads to opening of a mobile element, the lid. This "interfacial activation" is triggered by adsorption to the water-lipid interface, [4] even though it was proposed that interfacial activation does not necessarily happen in all lipases. [5] One of the enzymes which shows interfacial activation is Candida rugosa lipase (CRL). CRL is a versatile biocatalyst which catalyzes hydrolysis, alcoholysis, esterification and transesterification of triacylglycerols and other hydrophobic esters. [6] The crystal structure of this 57 kDa protein has been resolved at 2.06 and 2.1 Å resolutions with two different
conformations, an open and a closed form. [7, 8] Like other microbial lipases, CRL is a member of the α/β-hydrolase fold family which consists of a central hydrophobic eightstranded β-sheet packed between two layers of amphiphilic α-helices. A mobile lid region consists of two short α-helices linked to the body of the lipase by flexible elements. The lid consists of residues 62-92 and rotates by almost 90 o from the closed to the open conformation. In the closed, inactive conformation, it covers the substrate binding site. In the open, active conformation, it extends away from the protein surface and makes the catalytic triad, Ser209, His449 and Glu341, accessible to substrate. Upon opening, the exposed substrate binding site and the inside of the lid form a large hydrophobic patch which is supposed to interact with the hydrophobic substrate interface.
Up to now there is no crystal structure of CRL in organic solvents, but for Pseudomonas cepacia lipase (PCL), Candida antarctica lipase B (CALB) and subtilisin Carlsberg, it has been shown that their crystal structures in organic solvent and water are essentially identical.
[9, 10] However, major rearrangements occur in the side chain orientation, [10, 11] which in many cases is an important determinant of enzyme activity. [12] Another important effect of organic solvent is a change in protein flexibility. It has been shown experimentally that enzyme flexibility is correlated with enzyme activity and enantioselectivity in organic solvents. [13] To investigate the effect of organic solvent on CRL on a molecular level, we performed molecular dynamics simulations of four models (the open and closed conformation of CRL solvated in two solvents each, water and carbon tetrachloride) and compared the effect of the two solvents on the average protein structure and flexibility of backbone and side chains.
Materials and methods
Hard-and software Molecular dynamics (MD) simulations and energy minimizations were carried out on a 256
nodes PCs cluster (AMD Athlon 1.33 GHz, http://www.itb.uni-stuttgart.de/BioCortex/) based on a Beowulf architecture (Linux Mandrake 8.2) using the AMBER 7 suite of programs. [14] SwissPdb Viewer 3.7 and Sybyl (Tripos, St.Louis, MO) were used for structure visualization.
Statistical analyses were done using Origin software (OriginLab, Northampton, MA).
Structure preparation
The crystal structures of the open and closed conformations of C. rugosa lipase (entries 1CRL and 1TRH, respectively) were taken from the Protein Data Bank. [15] The structures are resolved to 2.06 Å (open) and 2.1 Å (closed). In these structures, three N-glucosamine residues which are covalently bound to the enzyme were removed prior to simulations. All water molecules were maintained. For simulation in organic solvent, a carbon tetrachloride (CCl 4 ) solvent box was built based on Fox and Kollman parameters [16] and saved as .lib file in Amber 7 library files.
Molecular dynamics simulations
All systems were minimized using the steepest descent method followed by the conjugate gradient method. MD simulations were carried out with a time step of 1 fs with parm99 force field implemented in Amber 7 program. SHAKE [17] was applied to all bonds involving hydrogen atoms with geometric tolerance of 0.00000001. Simulations were run with the Particle Mesh Ewald (PME) method. [18] For simulations in water, a truncated octahedral box of TIP3P water molecules (11,430 molecules) was built around the structure with a minimal distance of 10 Å between the protein surface and the wall of the box. Simulations in organic solvents were performed in a truncated octahedral box of CCl 4 which consists of 1,667 molecules. Solvated systems were gradually heated to 300 K during 20 ps with constant volume and a temperature coupling constant of 0.2 ps. In the subsequent equilibration phase of 10 ps, the conditions were changed to constant pressure and the coupling constants were increased gradually. During the production phase of 970 ps, temperature and pressure coupling constants were 0.8 ps and 1.0 ps, respectively. Each system was simulated with five different initial velocities for total time of 1 ns.
Solvent accessible surface area (SASA) analysis SASA analysis was performed using Gauss-Bonnet algorithm implemented in GETAREA 1.1 program (http://scsb.utmb.edu/getarea). Exposed and buried residues were described as a ratio value of side-chain surface area to solvent accessible area of the particular residue "X" in the tripeptide Gly-X-Gly in an ensemble of 30 random conformation. Percentage ratio more than 50% is classified as exposed residue.
Atomic fluctuation analysis
Atomic fluctuations can be estimated from the temperature factor (B-factor) through the relationship: 
cos ,
where P 2 is the second-order Legendre polynomial, θ(t,t+τ) is the angle between the vectors at two timepoints t and t+τ, and r is length of the vector between the two centers of mass.
The time-correlation function of a diffusive motion of a vector can be represented by a linear combination of two exponential functions:
where τ 1 and τ 2 correspond to the relaxation time of biphasic time-correlation function curves.
Analysis of scalar movements
Analysis of scalar movements of the lid core region was performed using the second-order
Legendre polynomial through the equations:
where θ ij corresponds to the angle between vector i and j, Δd is the displacement of the lid, and r ij is the average distance between the centers-of-mass of protein core and the lid. To analyze how the system approaches the equilibrium, two-dimensional rmsd was analyzed. In contrast to one-dimensional rmsd which measures how far the solute moves away from its initial structure during the simulation, two-dimensional rmsd measures the deviation between any two conformations (Fig. 2b) . Thus it monitors how the system moves from one local minimum to the other upon equilibration. As an example, in a simulation of closed CRL in CCl 4 the system seemed to reach equilibrium already after 200 ps as concluded from a one-dimensional rmsd analysis, while two-dimensional rmsd revealed that the system moved along several local minima. A local minimum can be defined as a region of less than 0.7 Å rmsd of all conformers (green areas in Fig. 2b : 30-200 ps, 200-400 ps, 400-1000 ps), while the deviation between the local minima was more than 0.7 Å (yellow, red, white).
Results

Equilibration
Flexibility
Analysis of simulated B-factors indicated that in all simulations residues of the lid region were more flexible than residues of the protein core ( Fig. 3 and Fig. 4) . However, open and closed CRL in water reached the highest B-factors at different residues: in the open CRL, Val81-Ser91 (located at the C-terminus of the lid) have highest mobility (Fig. 3a) , while in the closed CRL residues Tyr69-Val81 (at the N-terminus of the lid) are most mobile (Fig.   4a ). For open CRL, the values of simulated B-factors in water were generally lower than the experimentally determined crystallographic B-factors (Fig. 3a) , except residues Ile18, Asn35, Lys52, Tyr69 to Leu73, Leu80, Lys85, Lys109, Lys231, Glu257, Ser270, Glu325, Tyr458, Lys488, Leu508 and Lys514. Most of these residues were hydrophilic amino acids. Similarly, values of simulated B-factors in CCl 4 were also generally lower than the experimentally determined crystallographic B-factors (Fig. 3b) , except residues Val33, Leu36, Phe87, Met186, Ala271, Phe344, Leu396 to Leu399, Val444, Leu455, Leu486, Ala507 and Leu510 which were higher. In contrast to the water simulation, these residues were mainly hydrophobic amino acids.
Direct comparison of averaged B-factors for simulations of the open CRL in water and
CCl 4 showed that most residues had similar B-factors except 41 mostly hydrophobic residues which had higher flexibility in CCl 4 , while about 65 mostly polar residues had higher flexibility in water (Fig. 5a ). Most of these residues were solvent exposed and located on the surface of the enzyme (Fig. 6a) . However, 15 residues with higher flexibility in CCl 4 were buried (Pro2, Gly124, Pro135, Ile139, Trp161, Met186, Asn314, Val333, Phe345, Met378, Leu410, Asp457, Ser462, Ile505 and Leu510), while five residues with higher flexibility in water were buried (Asp10, Leu179, Asp199, Glu208 and Tyr254). In most cases the side chain flexibility was affected. But for 24 residues, the flexibility of the backbone atoms changed: 10 residues had higher backbone flexibility in CCl 4 (Lys52, Val81, Ser84, Gly124, Pro135, Gly441, Leu442, Pro443, Val444 and Leu445), 14 residues in water (Ala1, Tyr69, Glu70, Glu71, Lys85, Val86, Glu88 Ala89, Pro106, Gly107, Gly269, Ser270, Gln387 and Ser440) (Fig. 6a) . The residues which show increased flexibility in CCl 4 or in water are not grouped together in well-defined domains, but are distributed evenly over the whole protein.
One of the most interesting hydrophobic residues is Phe87 which had the highest flexibility of all residues in the lid region. Superimposition of the averaged structure from
five simulations of open CRL to the crystal structure showed that in CCl 4 this side chain get exposed to the solvent while it remained buried in the water simulation. Another interesting residue is the oxyanion hole residue Gly124 [7] which became highly flexible in open CRL in water.
For closed CRL, B-factors calculated from the simulations were also lower than the crystallographic values. In the water simulation, surface-exposed and hydrophilic residues were more flexible ( Fig. 4a) : Asn8, Gly9, Asp10, Ser47, Lys52, Lys75, Met82, Glu88, Lys109, Glu208, Lys231, Glu257, Ser272, Asn292, Leu302, Arg324, Glu360, Glu364, Asp392, Ile395, Tyr458, Leu486, Lys488, Glu491, Asn506 and Leu510, while in the simulations in CCl 4 B-factors were larger for surface-exposed and hydrophobic residues ( As for open CRL, closed CRL generally had similar flexibility in water and CCl 4 .
However, the number of flexible residues in water is larger than the number of flexible residues in CCl 4 . Direct comparison of simulations in water and CCl 4 of closed CRL showed that 26 mostly hydrophobic residues were more flexible in CCl 4 , while 88 mostly polar residues were more flexible in water (Fig. 5b ). Eleven residues with higher flexibility in CCl 4 (Leu114, Asp191, Met216, Met244, Leu297, Met319, Leu413, Leu485, Met503, Phe526 and Phe533) and 7 residues with higher flexibility in water (Asp10, Lys180, Asn265, Leu302, Asn314, Leu410 and Asp515) were buried. In 14 residues the flexibility of backbone atoms was affected: Ala1, Ala7, Asn8, Gly9, Ser45, Gly46, Ala76, Pro106, Ala110, Gly269, Ser270, Ala271, Ser272 and Val487 (Fig. 6b) .
Time-correlation analysis of lid movements
During the simulation the position of the lid slowly varied. The motion of the lid (residues 75-84) was analysed as a co-operative, rigid body movement relative to the protein core (Fig. 8b) . Å between Lys85 and Asp284 ( Fig. 6a and Fig. 9a ).
Another lid-locking mechanism found in open CRL is a hydrogen bond between Lys75
and Asn292. [12] This hydrogen bond was maintained in five water simulations with the distance of 3.3 + 0.3 Å between NZ atom of Lys75 and OD1 atom of Asn292 (Fig. 6a and and Asn292 with the distance of 3.0 + 0.1 Å, while in the other three simulations a salt bridge between Lys75 and Asp79 with the distance of 3.5 + 0.02 Å was formed ( Fig. 6a and Fig.   9b ). As for the Lys85-Asp284 bridge, the distances between Lys75 and Asn292 or Asp79 was generally smaller and less fluctuating in CCl 4 compared to the water simulation.
Discussion
Structure
All simulations in water had lower rmsd values compared to simulations in CCl 4 , indicating that they deviate less from the crystal structure. These results are in agreement with Toba et al. [19] who found that γ-chymotrypsin was closer to its initial structure when it was simulated in water rather than in hexane. However, this observation cannot be generalized, because for BPTI they found that the deviation was larger for the water simulation. [11, 20] In the case of CRL, simulation in CCl 4 leads to a higher number of internal hydrogen bonds (data not shown), indicating that CRL becomes more packed. Increase of internal hydrogen bonds is also related to a decrease of the radius of gyration and solvent-accessible surface area. [21] Interestingly, lid mobility did not contribute significantly to the deviation from the initial structure. These findings support the notion that the open and closed conformations are well-defined energy minima separated by a high energy barrier, which most likely is caused by a cis-trans isomerization of Pro92. [8] Starting at the crystal structure, the system rapidly relaxes and then explores the accessible conformational space by a passage through a series of local minima which have a similar rmsd from the initial structure, [22] and are separated by low energy barriers. [23] Flexibility It is commonly thought that water-soluble proteins are more flexible in water than in organic solvent, because water acts as "life lubricant" by hydrogen bonding networks to polar residues. [24] This higher flexibility also may be caused by reduced electrostatic interaction due to dielectric screening [25] upon solvating the polar and charged residues. [26] Lower flexibility of protein was also observed in chloroform, [11, 21] hexane, [20, 27] methyl hexanoate, [28] dimethylformamide, acetone, butanone, tetrahydrofuran, and cyclohexane.
[13] As a mechanism, Hartsough and Merz [11] proposed that in water polar and charged side chains move away from the core of the protein and thus decrease the intramolecular interactions of the protein, which are mainly hydrogen bonds and salt bridges and responsible to the rigidity of the protein.
Our findings indicate that the effect of organic solvent is not global, but solvents rather interact specifically with surface-exposed residues. In water, hydrophilic side chains become more flexible, while in organic solvent hydrophobic residues have increased flexibility. The overall effect on flexibility depends on the percentage of hydrophilic and hydrophobic residues on the protein surface. Soluble proteins like CRL in its closed form have a majority of hydrophilic residues at the protein surface, thus the overall effect of organic solvent is a decrease in flexibility.
In contrast, open, activated CRL exposes a large hydrophobic patch towards the substrate interface which becomes more flexible in organic solvent. Figure 5 shows that the number of atoms above the y=x line, i.e. the atoms which are more flexible in Changes of flexibility seem to be restricted to side chains, while the backbone is hardly affected. In addition, the overall structure is similar in both solvents, as it has been previously found comparing the crystal structures of subtilisin Carlsberg, P. cepacia lipase (PCL), and Residues which are mentioned in the text are labelled. The three bridges which lead to the lid locking mechanism (Lys85-Asp284, Lys75-Asp79, and Lys75-Asn292) are displayed and marked blue (structure in water) and red (structure in CCl 4 ) (inset). 
